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ABSTRACT

The process of characterizing human exposure to particulate matter requires
information on both particle concentrations in microenvironments and the time-specific
activity budgets of individuals among these microenvironments. Because the average
amount of time spent indoors by individuals in the US is estimated to be greater than 75%,
accurate characterization of particle concentrations indoors is critical to exposure
assessments for the US population. In addition, it is estimated that indoor particle
concentrations depend strongly on outdoor concentrations. The spatial and temporal
variations of indoor particle concentrations as well as the factors that affect these
variations are important to health scientists. For them, knowledge of the factors that
control the relationship of indoor particle concentrations to outdoor levels is particularly
important. In this report, we identify and evaluate sources of data for those factors that
affect the transport to and concentration of outdoor particles in the indoor environment.
Concentrations of particles indoors depend upon the fraction of outdoor particles that
penetrate through the building shell or are transported via the air handling (HVAC)
system, the generation of particles by indoor sources, and the loss mechanisms that occur
indoors, such as deposition. To address these issues, we (i)lidentify and assemble relevant
information including the behavior of particles during air leakage, HVAC operations, and
particle filtration; (ii) review and evaluate the assembled information to distinguish data
that are directly relevant to specific estimates of particle transport from those that are only
indirectly useful and (iii) provide a synthesis of the currently available information on
building air-leakage parameters and their effect on indoor particle matter concentrations.

KEYWORDS: Exposure assessment, indoor environment, mass-balance model, particles,
air infiltration
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EXECUTIVE SUMMARY

Characterizing human exposure to particulate matter requires information on both
particle concentrations in microenvironments and the time-specific activity budgets of
individuals who move among these microenvironments. Because the US population is
estimated to spend on average more than 75% of their time indoors, accurate
characterization of concentrations of particles of outdoor origin in the indoor environment
is critical to exposure assessments. In this report we summarize, compile, and evaluate
sources of data for factors that affect the concentration of outdoor particles indoors
(COPI). COPI depends upon the fraction of particles that penetrate through the building
shell or are transported via the HVAC system and on the loss mechanisms that occur
indoors, such as deposition. To address these issues, this project had three specific tasks:
(i) to identify and assemble the relevant information on air leakage and on HVAC
operations, including particle filtration; (ii)to review and evaluate the assembled
information to distinguish data that are directly relevant to specific estimates of particle
transport from those that are only indirectly useful and (iii) provide a synthesis of the
currently available information on building parameters and their effect on particle
transport.

In addressing these tasks, we found that a thorough understanding of the processes
affecting the concentration of outdoor particle indoors is essential for improving
assessments of human exposure to particles of outdoor origin. This is particularly
important for assessors who need to consider the spatial and temporal variation of indoor
exposures to outdoor particles. We also found that simple indoor/outdoor ratios are
insufficient for understanding and predicting indoor concentrations. A dynamic mass
balance approach is necessary in order to account for all of the critical parameters affecting
the indoor/outdoor relationship. However, the appropriate input values for these critical
parameters are currently not well understood. These parameters are identified and
summarized in the following paragraphs.

Particle deposition is an important factor affecting indoor particle concentrations in
all types of buildings. However, deposition loss rates appear to be highly sensitive to
environmental conditions and particle characteristics, leading to significant variations in
experimentally determined deposition rates. Given the wide range of deposition values
obtained experimentally, it is difficult to determine which of the deposition models
predicts indoor deposition most accurately and which model parameters most accurately
reflect real building conditions.

Another critical factor is the fraction of outdoor particles that remain in infiltrating
air and enter the building interior, typically referred to as the Penetration Factor, P. In
some published articles, the term penetration factor has been given other definitions, such
as either the indoor/outdoor ratio of all particles or of particles of outdoor origin.
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However, these definitions confuse the factors affecting indoor concentrations by
combining the influence of infiltration, deposition, and even generation into a single term.
There is insufficient data to determine a likely average or minimum P for either residences
or commercial buildings.

Understanding the basic building characteristics is also critical to determining
indoor particle concentrations. In contrast to COPI factors that are needed to carry out
mass balances on particles, the quantity and quality of data on basic building
characteristics for both residential and commercial buildings is quite high. However, there
are still significant gaps in the dataset, such as assessment of infiltration rates into
commercial buildings and the prevalence of local exhaust use in residential buildings.

Information of the efficiency of various types of filters is fairly high, both in quality
and quantity. However, data on air flow rates in central forced-air residential heating and
cooling systems are very sparse, leading to large uncertainties in particle filtration rates in
residences. The operation times of commercial building HVAC systems and flow rates
through air filters will vary with climate, building design, internal heat loads, type of
HVAC system, type of HVAC control system, and user behaviors. Rough estimates of
typical flow rates and operation times are provided based on anecdotal reports and
limited data from publications; however, the range, geographic variability, and
uncertainty in these estimates are unknown and could be potentially important due to the
significant particle concentration reductions that can be achieved through filtration.

Data quality, quantity, and representativeness were evaluated for key factors such
as HVAC design and operation, infiltration and leakage area, deposition, penetration
factors, and natural ventilation. We found that none of the critical factors affecting the
indoor/outdoor particle relationship are yet well enough characterized to provide reliable
inputs to exposure models.

In reviewing data needs for improving the ability to link indoor concentration of
particles to outdoor concentrations, we have determined that the most critical missing
information includes the following;:

measured particle penetration factors;

measured particle deposition rates in commercial and institutional buildings;

infiltration rates in commercial buildings;

the types of filters used in all buildings (except large offices);

window opening behaviors; and

rates of indoor resuspension of particles transferred indoors from outdoors.
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1.0 Introduction

The process of characterizing human exposure to particles requires information on
both particle concentrations in microenvironments and the time-specific activity budgets
of individuals among these microenvironments. Because the US population is estimated
to spend on average more than 75% of their time indoors, accurate characterization of
particle concentrations indoors is critical to exposure assessments. In most cases,
concentrations of ambient particles indoors depend primarily upon the quantity of
particulate matter that penetrates through the building shell or is transported via the
heating, ventilation, and air conditioning (HVAC) system. In addition, the concentration
of particles indoors is affected by several other factors such as filtration, ventilation,
deposition, re-emission, and indoor sources. In order to evaluate and model human
exposures to particles, information is required on these characteristics. We refer to such
factors as Concentration-of-Outdoor-Particles-Indoors (COPI) factors. Most COPI factors
vary from one type of building to another. Thus, COPI factors cannot be represented by a
single value. Instead the variation in these factors needs to be explored and recorded. And
how this variation relates to building design and operation needs to be evaluated. In this
report, we identify the COPI factors that are most needed for assessing human exposure
to outdoor particles and then compile and evaluate information sources for these COPI
factors.

1.1 Approach

In most buildings, concentrations of ambient particles indoors depend primarily
upon the transport of particles from outside the building through the building shell
(through intentional and unintentional openings) or via the HVAC system and the loss
mechanisms that occur indoors, such as deposition. To characterize human exposure
indoors to particles originating from the outdoor environment, we prepared this report
based on the following specific aims:

Identify the relevant information on air leakage and on HVAC operations, including
particle filtration;

Review and evaluate the identified information to distinguish data that are most
relevant to assessments that quantify exposures indoors to particles of outdoor
origin; and

Provide a synthesis and evaluation of the currently available information on COPI
factors for residential and commercial buildings.

Considerable previous work has been expended to understand and measure
building leakage and other air flow characteristics as they affect air infiltration and
ventilation, however the connection between these air-flow pathways and particle entry
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into buildings remains poorly understood. To address this issue, this report provides an
examination of experiments and modeling to better characterize the transport of ambient
particles from outdoor air to the indoor environment. Specifically, we examine the
available information about features of buildings that affect indoor concentrations of
ambient particles originating outdoors.

1.2 Characterizing Exposures to Particles

The process of characterizing particle exposures requires information on particle
concentrations, the time-specific locations of population cohorts relative to these
concentrations, and the variations of these concentrations and time budgets.

1.2.1 Components of an Exposure Assessment

A review of the current literature reveals that exposure is defined in terms of the
contact of an agent of concern with the visible exterior of the person including the skin
and openings into the body, such as mouth and nostrils, over a specified period of time
(McKone and Daniels, 1991; NAS, 1991a; NAS, 1991b; USEPA, 1992; Lioy and Pellizzari,
1996; Zartarian et al., 1997). In earlier studies, exposure assessments often relied implicitly
on the assumption that exposure to air pollutants indoors could be linked by simple
parameters to ambient concentrations in outdoor air. Later studies showed that this
assumption is rarely correct. More recent exposure studies based on total exposure
assessments that include time and activity patterns and micro-environmental data reveal
that an exposure assessment is most valuable when it provides a comprehensive view of
exposure pathways and identifies major sources of variability and uncertainty.

1.2.2 The Basic Exposure Model

An exposure model predicts cumulative exposures to particles that people
encounter during activities that bring them in contact with particle concentrations in
various microenvironments. To construct an exposure model one must link an individual
or a population cohort with both a series of time-specific activities and with the geographic
locations and microenvironments associated with those activities. In addition, it is
necessary, through a combination of detection and monitoring data and process models,
to define particle concentrations in each combination of time period, location, and
microenvironment. An exposure model must be able to represent peak exposure
concentration, the number of times the concentration exceeds specified concentration
levels, the average exposure concentration exceeding a specified level, or the cumulative
intake or uptake during a series of exposure events.
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Predictive modeling can take various forms. One commonly used modeling
approach is to estimate the average exposure experienced in each location (for an
individual or group) using the time budget and the measures of concentration in each
microenvironment. The most general way to define exposure is in terms of a
concentration in a specified medium and the time that the receptor has contact with that
concentration. To address exposure in such situations the standard approach is to use the
model equations proposed by Duan (1982) and utilized by others (Ott, 1984; Ott et al.,
1988; Ottt et al., 1992; Klepeis, 1994; Lurmann and Korc, 1994; MacIntosh et al., 1995).

j=1 (1.1)

]
T =)t
j=1

where &; is the average exposure of person i over averaging time T, while z; is the
concentration that person i encounters in micro environment j and t; is the time spent by
person i in micro environment j, | is the total number of micro environments visited
over time T. The discrete times t; that person i spends in various micro environments is
referred to as the person’s “activity pattern.” Exposure assessment is a key step in the
analysis of the link between various contaminant sources and human health risks and,
ultimately, to effective risk management strategies.

(1.2)

1.2.3 The Importance of Indoor/Outdoor Relationships

The exposure characterization process requires knowledge of what data is needed
as well as a compilation and evaluation of the sources for the data. Exposure information
includes monitoring, time-activity, and other available data (e.g., from questionnaires and
diaries, including past and current exposures and exposure factors).

1.3 The Information Evaluated in this Report

We consider four categories of COPI-factors information in our analysis. First is the
nature of building shell leaks and what influence they have on air flow and particle
transport. Second is the role of HVAC systems in supplying air to the building interior,
typically through filter media of varying types and filtration efficiency. Third is
information obtained from experiments in which indoor/outdoor particle concentrations
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are measured and particularly whether there is ancillary information about the building
and/or its leakage characteristics. Fourth is information from papers and reports in which
particle penetration is estimated and discussed. We address these issues through three
tasks that are summarized in the following paragraphs.

In the first task, we identify the relevant information, data bases, etc. needed to
assess how transport of particles from outdoor to indoor air is impacted by leaks, HVAC
systems, particle mass-balance data, and penetration data. Members of the LBNL Indoor
Environment Department staff have broad familiarity with all of the major data bases and
most of the literature on air leakage, HVAC operations, and particle filtration. This
familiarity facilitated this first task. In addition, through efforts with the ongoing San
Joaquin Valley project and other indoor particle research, LBNL staff have kept abreast of
the literature on indoor-outdoor particle measurements, and on direct measures and
model estimates of particle penetration factors (of which there is very little).

In the second task, we review and evaluate the identified information to determine
which resources provide relevant COPI factors. In this task, we used three criteria by
which we evaluated the available information. First was the quantity of information
available. For example, is the information derived from a large survey or from a couple
of test houses? Second was the quality of the information. For example, the reliability of
the methods used—direct measurement, modeling, replication, quality control, etc. Third
was the representativeness of the available information. For example were both
residential and commercial buildings represented, and were the samples stratified so as to
properly capture variability. We used the review and evaluation of currently available
information identify data needs, current resources, and data gaps for COPI factors.

Our third task provides a synthesis of the currently available information on COPI
factors and their effect on particle concentration indoors. We used this effort to identify
areas for which there are important gaps or weaknesses in the information, particularly in
linking air leakage information and particle transport and fate.

1.4 Overview of the Report

The remainder of this report consists of three sections. In section 2, we provide
background on the issues that affect the transfer of particle matter from the outdoor to
the indoor environment and how this relates to the reliability of exposure assessments.
Here we consider factors that affect the transport, distribution, and loss of particulate
matter drawn from outdoor air to the indoor environment. Then we consider the mass
balance that links indoor particulate matter concentrations to outdoor levels, giving
specific attention to air flow in buildings and the configuration of HVAC and filtration
systems. Based on how they affect particle entry and removal, we assign relative
significance to COPI factors. In Section 3, we identify and evaluate the types of data
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available on COPI factors. In Section 4, we provide an evaluation of the available data sets
and information resources for COPI factors.
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2.0 Defining a Set of Relevant COPI Factors

In this section, we identify those factors that affect the concentration of outdoor
particulate matter indoors. We begin by defining (i) what is meant a "relevant factor”, (ii)
the balance model that is used to evaluate the relevance of COPI factors; and (iii) air flow
in buildings and the configuration of HVAC and filtration systems. We consider both
residential and commercial buildings. We conclude this section by listing and ranking
relevant building characteristics based on their importance for assessing COPL

2.1 What are The Relevant Factors Impacting Indoor Concentrations of
Outdoor Particles?

Concentrations of ambient particles indoors depend upon the balance among input
and loss processes. Inputs include the fraction of particles that penetrate through the
building shell (through intentional and unintentional openings) or are transported via the
HVAC system. The loss mechanisms that occur indoors include deposition,
transformation, filtration, and ventilation. The purpose of this section is to identify those
factors that impact the indoor/outdoor particle ratio. This is done in the context of a
indoor/outdoor particle mass balance. Important to this mass balance in commercial
buildings and many residences is the configuration and operation of HVAC systems.

2.2 Mass Balance Framework

Airborne particles in the indoor environment are derived from sources outdoors
(both natural and anthropogenic) and sources indoors (smoking, wood stoves, cooking,
resuspended particles from floors, vacuuming, etc.). The concentration of outdoor
particles in the indoor environment is a balance between the rates at which outdoor
particles enter and leave the air within the building and the rates at which they are
removed, transformed, and re-emitted in the indoor environment. In general, a mass
balance equation representing the change in indoor concentration, C;, within the volume,

V, over time, t, can be written as follows:

'V
d% = [Entry of Outdoor Particle Mass] — [Exit of Indoor Particle Mass] —

[Mass Removal Indoors: deposition, filtration, transformation] + (2.1)
[Mass Re-emission Indoors: resuspension, transformation]
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Descriptions of the mass balance mechanisms in the indoor environment are
provided in the following sections.

2.2.1 Entry and Exit of Particle Mass

Air carrying particles can enter and leave the indoor environment through three
processes: mechanical ventilation, natural ventilation, and infiltration. Mechanical
ventilation refers to using fan systems to move air, typically through ductwork, and
supply it to areas within a building. These systems often supply heating and/or cooling in
addition to the ventilation air (outside air). Mechanical ventilation systems may be
controlled to vary the amount of air supplied according to the heating or cooling load,
time of day, or other factors. In commercial buildings, typically filters are installed which
remove particles before they enter the building. The removal efficiency of these filters
ranges from highly effective to fairly ineffective, with removal being very dependent on
the particle size. In addition, incidental removal may occur due to deposition onto duct
surfaces and within fans, coils, and other system components. Mechanical ventilation
systems are common in large commercial buildings, but almost never used in residential
buildings. Although, residential houses often use forced air systems for maintaining
temperature control, it is unusual for these systems to intentionally supply outside air for
the purpose of ventilation.

Natural ventilation refers to opening windows and doors to increase entry of
outside air. The amount of outdoor air supplied depends on factors such as the total open
area, orientation to the wind, indoor/outdoor pressure difference, and indoor/outdoor
temperature difference. Due to the large size of the openings, particles are not removed
from air entering buildings through natural ventilation. Natural ventilation can move
large volumes of air and, when used, will often be the dominant air entry route,
particularly in buildings without mechanical ventilation.

The third entry route is infiltration. Infiltration refers to the entry of air through
small cracks and gaps in the building shell. Although the size, shape, and location of
infiltration entry points is fixed for a given building, the amount of air which enters
through infiltration will vary with the pressure differences across the exterior building
surfaces. These pressure differences will vary with the wind speed/direction,
indoor/outdoor temperature difference, and the operation of the HVAC system (this
occurs when, for various reasons, the supply and return systems are not balanced).

Unless the building is effectively pressurized or depressurized using a mechanical
ventilation system, a building will have some walls under a positive pressure where the air
is forced out and others under a negative pressure where air is drawn in. For small cracks,
deposition onto crack surfaces may decrease the particle concentration as the air moves
through the building shell. For larger gaps, particle removal during infiltration is unlikely.
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2.2.2 Removal and Re-emission of Particle Mass in the Indoor Environment

Inside a building, particle concentrations can be altered through both incidental and
intentional processes. Incidental losses occur as a result of particle deposition, particle
transformation, and resuspension. Transformation can increase or decrease particle
concentration within a specified particle size range. Resuspension increases particle
concentrations during periods of occupancy and indoor activities. The most common
intentional removal process is filtration, which can occur either within the HVAC system
or in stand alone units.

2.2.2.1 Incidental processes

The largest incidental losses occur as a result of particle deposition to surfaces. Due
to the relatively large surface-to-volume ratio indoors, deposition has a much larger effect
on reducing concentrations indoors than it does outdoors. The magnitude of the
deposition loss rate within a building is influenced by many factors including particle size,
shape, and density; surface area and orientation; surface roughness; surface-to-air
temperature difference; surface-particle charge difference; and air speed.

Transformation processes can either increase or decrease the particle mass. The
processes of the most potential importance include vapor deposition (water, semi-volatile
organics), gas-to-particle conversion (ammonia-nitrate), and coagulation (in the presence
of indoor sources such as tobacco smoke). Transformation processes can also change the
size of existing particles and shift the overall size distribution. These processes can be
promoted due to the differences between indoor and outdoor temperature, relative
humidity, gas concentrations, and particle concentrations caused by indoor heating and
cooling, particle penetration, and deposition of gases and particles to surfaces.

Resuspension can significantly increase the concentration of airborne particles
within a building. Under typical conditions, only particles larger than 1 micrometer
undergo significant resuspension. However, even moderate indoor activity, such as
walking, can lead to large increases in super-micrometer particle concentrations. The
portion of resuspended particles that are derived from deposited particles of outdoor
origin, as opposed to deposited indoor sources and tracked materials, is not currently
known. The Figure 2.2.2 shows some of the most important transport and transformation
mechanisms in the indoor environment.
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Figure 2.2.2. Transport and transformation mechanisms that define particulate matter
concentrations in the indoor environment.

2.2.2.1 Dependence of entry and removal processes on particle size

Particle removal processes are highly dependant on particle size. For particles
larger than about 1 um, momentum and gravitational settling have a dominant influence
on particle motion. For smaller particles, diffusion tends to have a more significant effect.
As a consequence, the impact of intentional filtration, deposition to surfaces, and
resuspension on indoor concentrations varies significantly depending on the particle size
of concern. For super-micrometer particles, deposition losses, filtration efficiency, and
resuspension all increase with particles size. For deposition and filtration, there is a
minimum effect for particles around 0.3 um, with removal rates increasing as particle size
is further reduced and the diffusivity of the particle increases. Resuspension rates do not
exhibit this minimum and are typically unimportant for sub-micrometer particles.

Chemical composition will also vary with particle size. For example, soil particles
tend to exist predominantly in the super-micrometer size range while soot particles are
more commonly found in the sub-micrometer size range. As a consequence, chemical
transformation processes may occur preferentially for certain size particles based on the
composition of particles within that size range.
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2.2.2.2 Intentional removal--air cleaning processes

The most common intentional removal process is filtration. In buildings with
forced air heating and/ or cooling systems, there are typically one or more filters within
the supply or return ducts. The effectiveness of these filters varies considerably. The least
expensive residential filters are essentially "see-through", with large openings that do little
or nothing to capture particles smaller than 5 micrometers in diameter. However, there
are higher quality residential filters on the market that are much more efficient.
Commercial grade filters have a wide range of efficiencies. Factors affecting particle-
removal efficiency and efficiency rating methods are discussed in Section 3.3.1.1. Air by-
pass (i.e. leakage) around the filter will decrease the effective efficiency, since by-pass air is
unfiltered. In residences with susceptible populations, occupants may install in-room
cleaning devices. These portable air cleaners can have very high efficiencies. However, in
some cases the air-flow rates are fairly low, thereby reducing the effectiveness of the
devices for reducing the indoor particle concentrations.

2.2.3 Mass Balance Model

In the most general form, the indoor concentration of a specific size and
composition particle can be represented mathematically by the following mass balance
equation.

oC
a_tl = (COP _CI))\"U + COPH)\’H - CIPF)\'F _CIPAF)\’AF - CI/I; +G+S+F+K+H+R (22)
Where:
C; = indoor particle concentration at time ¢ (# cm-3),
t = time (h1),
Co = outdoor particle concentration at time ¢ (# cm-3),

P = penetration factor,

Py = penetration factor through HVAC supply,

Pr = penetration factor through HVAC recirculation that accounts for particle
removal by filters and deposition in the duct system (no units),

Psr = penetration factor (1-efficiency) for auxiliary filter (no units),

>’
Il

air exchange rate due to infiltration (h-1),

Ay = air exchange rate through HVAC system supply air (h1),

>’
o]
Il

normalized air flow rate through HVAC recirculation or other filtration
systems (h1),
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= normalized air flow rate auxiliary (portable) air filters (h-1),

>
>
=5

|

=)
I

deposition loss rate (h-1),

G = generation of particles indoors from sources such as cooking or smoking (#

cm3 1),

= particle formation through gas/particle conversion (# cm-3 1),
= particle formation due to reaction (# cm3 1),

= particle size change through coagulation(# cm-3 t-1),

= particle size change through hygroscopic growth (# cm-3 1), and

= T R o O
|

generation of particles indoors from resuspension (# cm™3 1),

In the above equation, the terms t and A are independent of particle size and
composition. However, all of the other terms in this equation are likely to be functions of
particle size, particle composition, or both.

2.3 Air Flow in Buildings

Air flow between a building and the outside, or between rooms, is driven by
ventilation and /or recirculation. Ventilation brings outside air indoors. Recirculation
draws air from a building volume and moves it through an HVAC system (potentially
including filters and air treatment) and then back into the building volume, often into a
new location within the interior of the building.

The overall mass flow induced by pressure differences is often described using
some form of an orifice flow, where the size of the orifice is the effective leakage area of
the opening. For example, net flow through a relatively large opening (such as a small
open window) opening is often described as flow through a necking pipe and modeled
using the classic orifice equation:

_Cr-A. PAP
Q=Cp-A 4) (2.3)

Where: Q is the volumetric flow rate, Cp, is the orifice discharge coefficient, AP is the
pressure difference across the orifice, p is density, and A is the area of the orifice.

However, flow through small openings (cracks around closed windows and doors)
is often described by the crack equation:

Q=C'AP” (2.4)
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The coefficient C and exponent n are typically determined through pressurization

tests. The exponent n varys between 0.5 and 1, with a typical value between 0.6 and 0.65.
By combining equations (2.3) and (2.4) one can arrive at the effective leakage area, ELA,,

which is given by equation (2.5). For this derivation, the discharge coefficient (Cp) is
assumed to be unity. Some data sets assume other values, such as 0.6.

ELA, =C-Jpf2-ap" 1% (2.5)

Complex two-way flows may exist through large vertical openings (open doors
and windows) when there is a temperature difference across the opening. The
temperature difference imposes a buoyancy driven flow, causing flow into the bottom
half and out-of the top (or vice-a-versa) (Reynolds et al., 1988).

The three driving forces that impose pressure differences within the building are 1)
mechanical systems (HVAC and exhaust systems), 2) wind on the exterior, and 3)
temperature differences both within the building and between the building and outside.
When present, mechanical systems usually dominate.

The overall flow into and within a building is predicted by balancing the network of
pressure — flow relations so that air flow mass is conserved. Feustel and Rayner-Hooson
(1990) and Klote and Milke (1992) provide comprehensive descriptions for solving the
system of pressure — flow equations to estimate air flow infiltration and inter-room flow
and transport.

However, considerable uncertainty remains in estimating the descriptive input
parameters for the pressure — flow relations. For example, in Equation 2.3, the effective
size of the opening and the influence of necking on the free-stream airflow each
dramatically influence the predicted air flow. While a limited number of estimates are
available in the literature, these parameters are often building- or event-specific in nature.

For example, when air flows quickly through a small window opening, the effects of
necking are likely to be high (C4 ~ 0.6), whereas when the flow is very slow, the effects are

minimal (e.g., Cq~ 0.9). The degree to which flow conditions vary in the building must

dictate the appropriate value selected. Both the literature and the practitioner typically use
some form of ELA or the crack equation directly.

Uncertainties are also present in relating how environmental (e.g., wind and
temperature) and mechanical (e.g., HVAC) systems affect air flow, and ultimately particle
penetration. For example, wind velocity imposes a dynamic pressure gradient on a
building wall according to Bernoulli’s law (see e.g., Feustel and Rayner-Hooson, 1990). A
positive pressure is presented on the windward side and a negative pressure is imposed
on the leeward side of the building. However, relating the wind speed to the pressure
gradient observed on the wall surface is both uncertain and variable. The surface
roughness of the building wall caused by wall protrusions, e.g., shingle siding, open
window shutters, and window and door trim, will affect the resulting wind pressure
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induced spatially on the wall and temporally as wind conditions change. Another and
potentially larger order affect is upstream obstructions e.g. trees, nearby buildings, etc.
Similar difficulties arise in estimating the effects of buoyancy induced pressure gradients.
The spatial and temporal variations of temperature in and around a building can influence
the rate of air infiltration in a manner which is difficult to predict.

2.4 Configuration of Building HVAC and Filtration Systems

Residential and commercial buildings typically have heating, ventilating, and air
conditioning (HVAC) systems for space heating and or cooling. This section provides a
general description of these HVAC systems and discusses the mechanisms by which these
systems may affect indoor concentrations of outdoor particles. The major data sets of
HVAC characteristics are identified and discussed in Section 3.

2.4.1 Residences

There are several principle types of HVAC systems used in residences. The type of
system employed will have a significant influence on air flow patterns within the home
and can have a significant impact on the overall ventilation rate. The most common
residential systems are discussed below.

2.4.1.1 Ducted forced—air residential HVAC systems

Most US residences have “forced-air” HVAC systems that provide space heating
and/ or cooling using fans to direct (force) airflow over a heat exchanger located within a
furnace, heat pump, or air conditioner. In “ducted” forced air HVAC systems, a fan
system draws “return air” from the building interior through a return duct or return
plenum system to the furnace or air conditioner, where heat is added or removed. The
fan system forces the heated or cooled “supply air” through a system of ductwork
delivering supply air to various rooms through supply registers. Most residential HVAC
systems contain no provisions for outside air ventilation. A particle filter is incorporated
within most furnaces, heat pumps, and air conditioners and additional particle filters or
electronic air cleaners are sometimes installed in the duct systems.

There are multiple mechanisms through which ducted residential forced-air HVAC
systems may affect indoor concentrations of outdoor particles. The most obvious
mechanism is the intentional filtration of the air passing through these systems to remove
particles. These systems usually contain a panel-type furnace filter, 2.5 cm or less in
thickness, upstream of the heat exchanger (or sometimes located at the return-air grille).
The rate of particle removal depends on the product of the air flow rate through the filter
and the particle removal efficiency. The flow rates for whole-house forced air system is
typically a few indoor volumes per hour, but the system operation is discontinuous.

When there is no heating or cooling, these systems do not operate and no filtration occurs.
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During periods of particularly cold or warm weather, HVAC systems system may operate
50% of the time or more and provide filtration whenever they are operation.

Some forced-air residential HVAC systems have supplemental air cleaners for
removing particles. Typically, the supplemental air cleaner is an electrostatic precipitator
or other electronic air cleaner installed in the return air duct at a location upstream of the
furnace or air conditioner. In the last few years, non-electronic higher efficiency filtration
systems with pleated filters have been also marketed for residences. No data were
identified on the extent to which these supplemental air cleaners are installed or used.

Particles can also be removed from the air flowing through HVAC systems by
deposition on the surfaces of ducts and on heating and cooling coils. Relatively few
studies or predictions of the particle loss rates have been reported (e.g., Wallin, 1993;
Siegel and Carey, 2001; Muyshondt et al., 1998). For submicrometer-size particles,
predicted and measured particle removal rates through deposition on ducts and coils are
only a few percent of the particle flow rate. However, particle deposition on these duct
surfaces and components increases with particle size. Wallin (1993) predicted that ~7% of
10 um particles would deposit on new clean surfaces of a duct system and that the
depositional losses would increase to near 100% over a period of 10 years as the duct
surfaces become rough due to accumulation of particles. Predictions and experiments by
Siegel and Carey (2001) indicate that approximately 20% of 10 um particles will deposit on
a cooling coil as the air passes through the coil. However, if sufficiently-efficient filters
were deployed upstream, many of these particles will be removed before they reach coils
and supply air ductwork.

Forced air HVAC systems increase the indoor air motion, i.e., velocities and
turbulence. Based on theory and limited empirical data (discussed subsequently), rates of
particle removal from the indoor air due to deposition on surfaces will increase with
increased air movement.

Due to air leakage, ducted residential HVAC systems unintentionally modify rates
of outside air ventilation and the entry pathways of outside air containing particles. In-
turn, the ventilation rate affects rates of particle entry and removal. The following
paragraphs describe the mechanisms by which ventilation rates are modified.

* Portions of the HVAC system are often located in an unconditioned, highly ventilated
attic, crawlspace, or garage. Air leakage in these systems tends to pressurize or
depressurize the house and drive air infiltration or exfiltration (Modera, 1993;
Cummins and Tooley, 1989; Walker and Modera, 1998). For example, an HVAC
system with air leakage from pressurized supply ducts located in a ventilated attic
might draw 4 indoor volumes of air per hour (4 h-1) from the house but deliver only
3.6 h-1 back to the house (10% leakage). The actual increase in the ventilation rate,
above the rate caused by wind and indoor-outdoor temperature differences, will
normally be less than the amount of air leakage. The final total ventilation rate is
sometimes estimated as the square root of the sum of the squares of the natural and
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fan-forced rates (Modera and Peterson 1985, Sherman and Matson 1997). Thus, in the
prior example, if the house had a ventilation rate of 0.5 h-1 without leakage from the

ducts and 0.4 h-1 of air leaks from the supply ducts, the estimated final ventilation rate
is 0.64, i.e., (0.5%2 +0.42)0-5,

* Air leakage in residential HVAC systems modifies the pathways through which air
containing particles enters houses. For example, if leaky return air ducts are located in
a crawlspace, air with particles will be drawn into these ducts and supplied to the house
after passing through the HVAC system, its air filter, and supply ductwork. Particle
depositional losses in this pathway may differ from the particle losses as air leaks
through cracks in the building envelope.

* Residential HVAC systems unintentionally increase outside air ventilation rates
because they tend to pressurize some rooms and depressurize other rooms unless the
doors between rooms are open (Modera, 1993; Cummins and Tooley, 1989). Pressures
generated in rooms are on the order of 5-10 Pa.

* Residential furnaces that combust fuels (e.g., natural gas) have an exhaust duct that
carries combustion products to outdoors. If a furnace is located in the conditioned
space, the furnace exhaust stack system is essentially an open duct from the building
interior to the exterior. This stack increases the ventilation rate of the residence,
sometimes markedly (Walker, 1989; Wilson and Walker, 1992; Walker and Wilson,
1990, 1998). Modern more energy efficient furnaces with a forced-air combustion
system may increase ventilation rates by a smaller amount than systems without
forced-air combustion, because they have a smaller exhaust duct and a more restrictive
airflow pathway.

2.4.1.2 Forced-air residential HVAC system without ducts

Some residences have forced-air furnaces and air conditioners installed through
walls or windows. A window air conditioner is a very common example. These systems
may incorporate filters for removal of large particles and particles may also be removed
by deposition of other surfaces, such as the cooling coil of an air conditioner. The filter is
often a thin, easily-cleaned pad or mesh. Air leakage in these systems can lead to
increased ventilation rates and to the pressurization or depressurization of rooms. Some
window air conditioners have intentional provisions for supply of outside air or exhaust of
indoor air to outdoors; thus, these systems will bring outdoor particles into houses.

2.4.1.3 Gravity furnaces

Some residences have “gravity” furnaces without fans. The airflow through the
furnace is driven by natural convection. Often these systems have no ducts and the
furnace is installed in a crawlspace with a grille in the floor above the crawlspace. Gravity
furnaces do not contain air filters. Air leakage in the gravity furnace system can modify
building ventilation rates. Also, houses with gravity furnaces will tend to have a high
degree of vertical air temperature stratification, which affects the locations and rates of air
and particle infiltration and exfiltration.
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2.4.1.4 Other residential HVAC configurations

Some residential HVAC systems have no ducts, exhaust stacks, or fans. Examples
include baseboard electric resistance heating systems without ducts and systems that have
heated and/or cooled floors. On average, we expect lower ventilation rates in houses
with these HVAC systems compared to forced-air HVAC systems.

2.4.1.5 Evaporative (swamp) coolers

In hot dry climates, many residences have an evaporative cooling system in place
of an air conditioner. These systems are usually mounted on the roof or in windows and
have no ducts. Evaporative coolers pass warm-dry outside air over a wetted surface,
often a wetted fibrous mat, and supply this air to the house. Air exits the house through
leakage pathways and sometimes through partially open windows. Evaporative air
conditioners supply outside air containing particles at high air flow rates, thus, the
resulting building ventilation rates are high, e.g., > 10 h'l. To a certain degree, the wetted
surfaces, e.g., fibrous mats, will filter out particles from the incoming outside air. But we
found no data on the particle removal efficiency of swamp coolers.

2.4.1.6 Residential exhaust fans

Many residences have intermittently-operated exhaust fans in kitchens and
bathrooms. When operated, these fans depressurize the house and draw outside air
containing particles into leakage areas in the building envelope.

2.4.1.7 Operable windows

Virtually all residences in the U.S. have operable windows. When windows (or
doors) are substantially open, ventilation rates can be very high; thus the rates of entry of
particles will be correspondingly high and indoor concentrations of outdoor particles may
approach the outdoor concentrations. Windows are more often open during mild or
warm weather. Consequently, the extent and timing of window opening will be an
important determinate of indoor concentrations of outdoor particles. Data on window
opening behavior, discussed subsequently, is quite limited.

2.4.1.8 Intentional mechanical ventilation systems in residences

Residential forced-air HVAC systems rarely have a ventilation air stream -- the air
in these systems is usually 100% recirculated indoor air. When ventilation air is
incorporated into the HVAC system, the ventilation air is usually drawn into the return air
plenum of the HVAC system through a duct to outdoors. In some systems, the duct is
continuously open while in others it contains a shut-off damper. Systems may contain a
timer that turns the HVAC system fan on and off so that ventilation occurs only when
there is no need for heating or cooling.

A few residences have mechanical ventilation systems that are independent of the
systems that provide heat and cooling. The two most common systems are continuously
or periodically operating exhaust fans and heat-recovery ventilators (HRVs). HRVs have
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supply and exhaust airstreams and a heat exchanger designed to recover energy. Some
HRYV systems incorporate air filters for removing particles.

Currently two states have residential ventilation standards—Washington and
Minnesota. There is a proposed standard in the ASHRAE system 62.2P. These standards
allow for various methods of achieving adequate ventilation. They include localized
exhaust, whole house exhaust, and whole house supply systems.

2.4.1.9 Auxiliary Air Cleaners

In addition to particle filtration associated with either residential or commercial
building HVAC systems, portable or auxiliary particle air cleaners are sometimes used to
control particle concentrations in indoor environments. These may supplement air
cleaning provided by filters in the HVAC system or used as a primary means of control.
In many residential forced air heating/cooling systems, the “furnace filter” provides only
coarse filtration of very large particles, usually to keep the motor and/or air mover from
loading with household dust or “lint’. These filters provide negligible removal of particles
smaller than a few micrometers in diameter (except possibly when loaded, see Hanley et
al., 1994)

There are several types of portable filtration units; these range from simple panel
filters and various extended media filters (HEPA or "HEPA-type’) to electrostatic
precipitators and ionizers. These devices also cover a wide range of performance, both in
terms of overall particle removal rates and particle removal efficiencies that depend on
particle size. Offermann et al (1985) examined the operation of several different types of
air cleaners that were then commercially available. Their data showed filtration
efficiencies for cigarette smoke that ranged from nearly zero for a foam panel filter unit
designed so that most of the air by-passed the filter to essentially 100% for units
employing ‘"HEPA-type’ (high efficiency particle absolute) filters. However, as noted by
these authors, filter efficiency is not, by itself, an appropriate metric for gauging the
overall effectiveness of a filter system.

In order for a particle air cleaner to be effective, it should have overall removal
rates — either overall or for the sizes of particles of interest — that are at least comparable to
removal rates from other processes, such as ventilation. Even a highly efficient filter
changes the indoor concentration very little if the flow rate through the filter is low. This
can be seen from the mass balance equation 2.2. If the indoor concentrations are assumed
to be at steady state (i.e.,, dC/dt = 0), then equation 2.2 becomes:

_ CoPA,+CoPyAy +G+ S+F+ K+ H+R
) Ay + PeAp + PapAap + B

C; (2.6)

While the assumption of steady-state is unrealistic in most real world applications
where dynamic processes (such as changes in outdoor concentration and infiltration rates)
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are important, the equation can be used to simply illustrate the balance of processes
affecting indoor aerosol concentrations.

Equation 2.6 shows that, if the auxiliary filtration plus other filtration rates, PpAp +
PapAap are the same size as the sum of the ventilation rates, this will lead to, at most, a

two-fold reduction in particle concentrations. When particle deposition losses become
more important, as they are for larger particles (> 2-3 micrometers), then filtration
removal rates need to be even higher to yield proportional reductions in steady-state
aerosol concentrations.

In practice, this means that the air flow through a mechanically-driven air cleaner
(almost all air cleaners —except ionizers — are fan-powered) needs to be at least 50 ¢fm or
larger, depending upon the overall filtration efficiency, the size of the room or rooms to
be cleaned, etc. In their examination of portable filtration units, Offermann et al. (1985)
used the concept of an “effective cleaning rate” (ECR) as a metric for air cleaner
performance. The ECR is the volumetric flow of ‘clean’ (particle free) air delivered by the
device. This metric has the advantage that these flows can be compared directly with
ventilation flows, for example. This term — now referred to as the ‘clean air delivery rate’
or CADR - has since been adopted and used the Association of Home Appliance
Manufacturers (AHAM), which provides an air cleaner testing and rating service for
voluntary use by air cleaner manufacturers (ANSI, 1988). These tests — very similar to
those conducted by Offermann et al., (1985) - are based on measuring the reduction in
particle concentrations as a function of time in a test chamber after an initial injection of
particles from a source. The tests are conducted both with and without the operation of
the air cleaner being tested, to take into account other particle loss mechanisms in the
chamber (deposition, exfiltration). Often the several tests are performed using different
particle sources — environmental tobacco smoke (ETS), dust and pollen — which provide
some indication of the effectiveness of the air cleaner against different particle sizes.

In addition to the CADR rating, AHAM also provides a recommendation for the
largest room size (in area) that corresponds to the CADR for ETS. This recommendation
is based on AHAM'’s criterion of 80% reduction in particle concentrations, a room air
exchange rate of 1 h-1 and a deposition loss rate of 0.1 h-1. The most recent compilation of
testing and certification results for approximately 160 units— given by manufacturer and
by model number — show CADR's (in units of ft3/min) ranging from ~40 to 400 and
corresponding room areas from 55 to 615 ft2 (AHAM 2001)

A recent review of air cleaning notes that while CADR is a metric that can be
applied to the air cleaner, the overall benefit of using an air cleaner is better described by
its effectiveness (Nazaroff, 2000). In a steady-state model, this is parameterized as the
ratio of the CADR to all of the removal processes, (i.e., CADR plus the other particle
removal terms - typically ventilation rate and losses due to deposition). An effectiveness
of 0.5 occurs when the magnitude of the CADR is equal to that of these other processes.
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More effective (and thus more desirable) air cleaning requires effectiveness values
approaching one.

Much of the above discussion also applies to particle-size specific concerns —
although the overall particle removal rate is typically the only consideration. In a few of
the CADR ratings in the AHAM list, there are significant differences in the CADR values
for ETS, dust, and pollen, so the particle type under consideration for control will dictate
the specific type of control used.

2.4.2 Commercial and Institutional Buildings

Relative to residences, commercial buildings more frequently have forced-air
HVAC systems with ducts. Large commercial buildings tend to have the most complex
HVAC system with sophisticated control systems. Smaller commercial and institutional
buildings frequently have one or more packaged roof-top air handling systems or
packaged terminal air conditioning systems.

Many of the previous comments on residential HVAC systems and their influence
on indoor particles apply to commercial HVAC systems. Consequently, this section will
only describe features of commercial HVAC systems that are distinct from residential
system that may substantially affect indoor concentrations of outdoor particles. These
features are: 1) intentional supply of outside air, often with an economizer system; 2) use
of more efficient air filters; 3) continuous re-circulation of air through filters; 4) presence of
duct systems within the conditioned space, 5) smaller air infiltration rates; and 6) sealed
windows.

2.4.2.1 Outside air supply

Commercial building HVAC systems normally draw in outside air, mix it outside
air with re-circulated indoor air, and then filter and thermally-condition the mixture before
it is supplied to the building. Many of these HVAC systems, particularly larger systems,
have an outside-air economizer that modulates the outside air supply rate. A minimum
quantity of outside air, ideally consistent with code requirements, is supplied except
during mild weather conditions, when larger quantities of outside air are more economical
from an energy perspective. Thus, with an economizer system the rate of supply of
outside air containing particles varies widely with changes in weather, which, in turn,
varies geographically and with time. Modeling of economizer system operation cycles
will be critical to the prediction of indoor particle concentrations in buildings with
economizers.
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2.4.2.2 Periods of fan operation and air recirculation

In larger commercial buildings, the HVAC fans are operated continuously during
occupancy; thus, air is continuously recirculated through filters that remove particles. Air
recirculation rates depend on the building’s heating and cooling loads and on supply air
temperatures. Many buildings have variable air volume (VAV) systems where air
recirculation rates are modulated over time in order to maintain the desired indoor air
temperatures. In general, air recirculation rates are on the order of three to five building
volumes per hour.

Smaller roof-top or packaged terminal air conditioning systems often have fans
that operate only during periods of heating or cooling, much like a residential furnace or
air conditioner; however, some of these systems provide for either continuous or
discontinuous fan operation.

2.4.2.3 Filter efficiencies

HVAC systems in large commercial buildings tend to have more efficient air filters
(for small particles) than residential systems. Filter efficiency, characterized by ASHRAE
test methods (ASHRAE, 1992,1999a), varies over a very wide range. Fisk et al. (2001) and
Riley et al. (2001) provide predictions of the influence of filter efficiency on indoor
concentrations of outdoor particles.

2.4.2.4 Duct system locations

In large commercial buildings, duct systems are usually located within the
conditioned space. Consequently, air leakage from these ducts will not drive air
infiltration as it does in many residences with ducts located in attics or crawl spaces.

Commercial buildings with roof-top air handling units may have ducts on the roof
and within the plenum above a suspended ceiling. In some of these buildings, the plenum
is ventilated like a residential attic. Air leakage from these types of duct systems can drive
air infiltration that, in turn, affects indoor concentrations of outdoor particles.

2.4.2.5 Air infiltration rates

Compared to residences, large commercial buildings have a smaller ratio of
exterior envelope surface area to indoor volume. Consequently, these buildings may
have a lower rate of air infiltration than residences. However, infiltration rates in
commercial buildings are still significant and air infiltration can be an important source of
outdoor particle entry. This is especially true when high efficiency filters are used to
remove particles from air delivered through the mechanical ventilation system, leaving
infiltration as the dominant pathway for entry of particles into the indoor environment.
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2.4.2.6 Sealed windows

Many large commercial buildings have sealed windows. The sealing of windows
eliminates periods with very high rates of entry of outdoor particles through windows.

2.5 The Significance of Variability and Uncertainty in COPI Factors

The concentration of outdoor particles in the indoor environment is a balance
between several competing processes: particle entry, particle removal, and particle re-
emission. Of these three processes, the least is known about particle re-emission. As a
consequence re-emission rates introduce a high degree of uncertainty for predicted
particle concentrations in occupied spaces.

Particle entry rates are influenced by the overall ventilation rate, the route of entry
(e.g., through filters, cracks, windows), and particle penetration efficiencies. While
considerable work has been expended on defining the factors affecting ventilation rates,
there is still significant uncertainty concerning the route of entry in several areas (such as
crack size distributions or infiltration rates in large commercial buildings) and even more
uncertainty in the area of particle penetration efficiency. Removal mechanisms and rates
(e.g., deposition, filtration, and exfiltration) are probably the best understood of the mass
balance components, with experimental data and well formulated theoretical models for at
least some of the components. However, variability is very high between buildings and
the causes for this variability are poorly understood. Chemical transformation in the
indoor environment is only just beginning to be investigated and may prove to be an
important loss factor for some particle types.
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3.0 Evaluation of Available Data on COPI Factors

This section identifies ranges of available data, data quality concerns, and data gaps.
When appropriate, the dependence on particle size is discussed. Examples or summaries
of data are provided, but the report does not attempt to compile/include all data.

3.1 Overview of the Currently Available Sources of Data on Building
Characteristics

Building characteristics have a significant impact on concentrations of outdoor
particles in the indoor environment. This section discusses the most important sources for
information regarding both residential and commercial buildings.

3.1.1 Residential-building Data

Residential Energy Consumption Survey. The Energy Information Administration
of the Department of Energy has conducted an ongoing survey of energy use in
residential houses since 1978 called the Residential Energy Consumption Survey (RECS).
It is a national statistical survey, sampling approximately 5,900 housing units in the 1997
survey alone. The surveys are based on either 30-minute personal interviews, telephone
interviews, or mailed questionnaires. The resulting data describes energy use and many
characteristics of the United States housing stock (U.S. DOE, 2000) including the size of
housing units, types of heating and cooling systems installed, and numbers of household
members present. The survey is also a detailed source of information for quantifying the
status and types of residential buildings geographically. The survey has not, however,
conducted any field examinations that enable estimates of air infiltration, the types of
cracks in building envelopes, or the types of filters used in residential HVAC systems.

American Housing Survey. Via interviews, the US Department of Commerce
(1999) also conducts surveys of housing characteristics. The 1997 survey of 56,000 housing
units in 46 metropolitan areas collected data on single-family homes, apartments, and
mobile homes. The most relevant data from this survey appear to be basic housing
characteristics such as age, fuel use, heating and air conditioning equipment, and number
of occupants. The survey does include questions about large cracks and holes in the
structure, but the information obtained likely has questionable value for predictions of
ventilation or particle infiltration rates due to the lack of differential pressure values and
precise hold sizes and shapes.
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3.1.2 Commercial-building Data

Commercial Building Energy Consumption Survey. The Energy Information
Administration of the Department of Energy conducts a periodic survey of energy use in
commercial buildings called the Commercial Building Energy Consumption Survey
(CBECS). This survey leads to two major reports, the first on energy consumption (U.S.
Department of Energy, 1998) and the second on commercial building characteristics (US
Department of Energy, 1997). CBECS is a national statistical survey comparable to the
RECS in its completeness and characterization of energy consumption in commercial
buildings. Relevant information in the CBECS survey includes data on types, numbers,
and sizes of buildings, HVAC system characteristics, and presence or absence of operable
windows.

EPA BASE Study. The EPA Building Assessment Survey and Evaluation (BASE)
study (USEPA, 1994; Womble, 1994, 1995) was conducted by the USEPA to obtain baseline
information on indoor air quality, health symptom prevalences, and relevant building
characteristics in US office buildings. One hundred office buildings in the period 1996 to
1998 were studied. Relevant data from the BASE study include: measured indoor and
outdoor PM2.5 and PM10 concentrations, temperatures, and humidity levels; descriptions
of the building envelope; descriptions of interior finish materials (which may affect particle
deposition); a detailed description of the buildings” HVAC systems, including information
of the types of particle filters (manufacturer, model, and usually an efficiency rating); and
rated and measured air flow rates in HVAC systems. These data apply to a test space
within each building, which is often smaller than the entire building. The BASE Study
emphasizes large office buildings with mechanical ventilation and air conditioning.

3.2 COPI Factors Affecting Rates and Routes of Particle Entry

The construction of a building and the operation of building HVAC and other
systems will affect the overall ventilation rate, as well as the routes through which air
enters a building. The following sections discuss important building characteristics and
their effect on particle entry rates into buildings.

3.2.1 Measured and Predicted Ventilation Rates

A significant body of data has been collected describing ventilation rates in
buildings. This data has been used to formulate predictive models which take into account
the most important physical factors affecting air entry into buildings. The most significant
of these references are discussed below.
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3.2.1.1 Measured ventilation rates—residences

A primary source of information on residential ventilation rates is measurements
made using a convenient tracer gas measurement procedure with diffusion-based tracer
gas emitters and diffusive sampling on solid sorbents. A set of 2844 of these
measurements of residential ventilation rates in U.S. houses compiled from 66 studies
were analyzed by Murry and Burmaster (1995). [A prior analysis of the same data was
reported by Pandian et al. (1993).] The measured data from these 66 studies are not from
a representative sample of residences; however, this analysis is still probably the best
available information on the distribution of ventilation rates in U.S. houses. To the best of
our knowledge, there is no publicly-accessible data base containing the results of these
measurements; however, summary information is provided in these two papers. Based on
all climate zones and seasons, the arithmetic and geometric mean ventilation rates were
0.76 h-1 and 0.53 h-! with a geometric standard deviation of 2.3. There are large variations
in ventilation rates with season and climate zone. The winter and summer arithmetic
means, for all climate zones, are 0.55 and 1.50 h-1. Approximately one third of the
measured ventilation rates in the winter season are less than the 0.35 h-1, the minimum
rate in the 1999 ASHRAE ventilation standard. In the coldest climate zone, approximately
55% of the measured ventilation rates, from all seasons, are less than 0.35 h-1. Many other
papers provide the results of measurements of ventilation rates in a few residences;
however, these data do not add substantially to that analyzed by Murry and Burmaster
(1995).

Approximately 20% of U.S. housing units are apartments. Published information on
the rates of ventilation in multi-family apartment buildings are extremely sparse. Based
on case studies in a small number of buildings, Diamond et al (1999) reports that
ventilation rates are 0.5 to 1.5 h-1 for low rise apartments with a frame or brick
construction and 0.2 to 1.0 h-1 for high rise apartments with a more air-tight concrete
construction. We can expect ventilation rates to vary a great deal with both time of day,
with season of the year, between apartment buildings, and among apartments within a
building.

3.2.1.2 Measured ventilation rates — commercial and institutional buildings

Commercial and institutional buildings may be ventilated mechanically with an
HVAC system, via air infiltration, and through the operable windows present in 40% of
the commercial floor space. The ventilation provided through each of these mechanisms
varies over time. As mentioned in the previous discussion of economizer systems (Section
2.4.2), the mechanical supply of outside air is often minimized when the outside air
exceeds approximately 20 to 24 °C, hence, the building may be operated with a minimum
ventilation rate for much of the cooling season. Minimum ventilation is also provided
during cold weather when the outside air temperature falls below a set point that varies
among buildings.
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Ventilation rate data from U.S. commercial and institutional buildings are very
limited and come primarily from modest-size research projects and from samples taken at
buildings geographically convenient to the researchers. Consequently, on